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1. INTRODUCTION 

Multiple economic, environmental, and social factors push most countries to develop programs to 
encourage the use of renewable energies [1], [2], consequently, the level of technological and industrial 
development of wind energy has reached an extraordinary level [3]-[5]. Currently, wind energy accounts for 
around 4% of global electricity consumption [6]-[8], which is dominated by the Chinese market with a total 
installed capacity of 114 GW according to the global wind energy council (GWEC) report, followed by the 
US market in second place, with a capacity of 65 GW, then from the German market with a capacity of 39 
GW in third position. Expectations indicate that the cumulative installed capacity will reach more advanced 
levels due to the massive installation of new onshore and offshore wind turbines [9]. Morocco's energy bill 
weighs heavily on the trade balance. Indeed, the country depends almost entirely on foreign countries for its 
energy supply due to the limited resources of conventional renewable energies (95% is the energy 
dependency rate) [10]. This situation prompts the government to develop an energy strategy based on supply 
assurance and the diversification of energy sources, including the production of electricity through the use of 
national energy resources. The installation of wind farms for the production of green energy, according to the 
Morocco 2030 energy vision, made it possible to increase the capacity from 0.28 GW in 2010 to 2.0 GW in 
2020 [11]. 
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Wind projects are a long process, with slow administrative procedures, taking around 10 years from 
the start of prospecting on the site until the establishment of the park, then more than 20 years of wind 
turbine production. Wind projects represent a huge initial investment with a massive financial transaction. 
The financial component is based on the evaluation of the potential, which is the sum of an estimate of the 
average electricity production for the years of operation of the park, studied before the installation of the 
wind turbines from the wind measurements on site. This figure is applied to calculate the future profit from 
electricity sales, which gives an overall idea of the productivity of the project. 

If the wind production is lower than expected after its installation, the question of the utility of the 
wind project begins to arise, especially if the production is different in the 20 years of operation of the park, 
and which risks blocking the expansion of the sector. Several potential studies have been carried out in many 
regions of Morocco on the feasibility and evaluation of wind power, for example [12]—[18]. Most of them are 
concentrated in the coastal areas of Morocco. However, this work focuses on four desert regions of Morocco, 
as shown in Figure 1, these lands are arid, inexpensive and have good wind speed capability, which can make 
it an interesting place to set up large wind farms. 


Figure 1. Wind speed in Morocco and annual average parameters for the provinces studied at 10 m 


2. THEORY 

A detailed study is required in wind projects. In this article, the main criteria for estimating data are 
climatic characteristics and wind speed of past periods. Thus, to determine the wind potential, several 
techniques have been used in the literature [19]-[40]. 

In this study, meteorological data was used to calculate wind speed. Table 1 (see Appendix) presents 
the parameters related to the calculation of wind speed performance. These quantities were calculated over a 
24-year period to describe the relationship between wind turbine performance, wind potential, and electricity 
production. 


3. RESULTS AND DISCUSSION 
3.1. Wind speed data 

This study uses wind speed data obtained by measuring four different locations in central Morocco 
(Fezouata, Ouijjane, El Ouatia, and Taroudannt) for 24 years (from 1997 to 2021). Measurements for all 
wind observatories are taken at a height of 10 m. Table 2 shows the geographic coordinates of the 
meteorological stations examined. 

The wind is constantly changing. An underestimation of the potential at the start of the analysis can 
jeopardize the whole project. In order to have a good idea of the hypothetical sites with wind potential, it is 
imperative for the producers of wind farms to be able to describe the variation of the wind with the greatest 
possible pressure. This description provides the information necessary to optimize the production of electricity 
while taking maximum advantage of the wind resources of the region studied. It is found in the wind industry 
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that the two-parameter Weibull distribution is the most widely used function due to its ability to represent the 
frequency of wind speeds accurately and flexibly. Moreover, the Weibull distribution with two parameters (k, 
c), formulated by (1), unlike other distributions such as the Rayleigh distribution or the exponential 
distribution, has become the standard function in the wind industry. Calculated using (5), k is the Weibull form 
factor, it gives the shape of the distribution and admits values between 1 and 3. c is the Weibull scale factor 
expressed in m/s, it is proportional to the average wind speed and it can be formulated by (6). However, if we 
replace k with 1 or 2 in the expression for the Weibull distribution, we may end up with the exponential 
distribution or the Rayleigh distribution, respectively. The measured data are adjusted to f(v) at the four 
locations, k & c parameters are indicated in Table 3, while Figure 2 illustrate the average monthly wind speed 
over the study period at 10 m altitude. El Ouatia recorded the maximum average monthly wind speed 
measured in July at 6.4 m/s, while Fezouata recorded the minimum in December with 3.2 m/s. 


Table 2. Geographical location of the four sites analyzed 


Site Latitude (°) Longitude (°) Elevation (m) 
FEZOUATA 30.2 -5.61 670 
OUIJJANE 29.7 -9.7 393 
EL OUATIA 28.3 -11.2 152 
TAROUDANNT 30.5 -8.9 1035 


Table 3. k and c parameters for the studied Moroccan sites at 10 m 


Site k (dimensionless) c (m/s) 
FEZOUATA 1.47 4.49 
OUIJJANE 2.02 5.15 
EL OUATIA 2.15 5.75 
TAROUDANNT 1.43 6.28 
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Figure 2. Monthly wind speed variation for the sites studied, Morocco 


According to Table 3, at 10 m altitude, the parameter k varies between a minimum value of 1.43 at 
Taroudannt and a maximum value of 2.15 at El Ouatia, while the parameter c records values between 4.49 
m/s at Fezouata and 6.28 m/s at Taroudannt. On the other hand, Figure 2, which illustrates the profile of the 
variation of the wind speeds, shows the need to extrapolate the values of the wind speed to higher altitudes. 
This necessity comes from the fact that the wind turbines are installed at a level higher than 10 m, which is 
justified by the fact that the wind becomes more important according to the altitude. The extrapolation of 
wind speeds and Weibull parameters can be calculated using (9), (10), (11) and (12). The prevailing wind 
speed level in the regions is determined by f(v). The wind frequency distribution is based on the parameters 
found by analyzing the measured wind data, therefore, Figure 3 shows the Weibull probability distribution 
function for the four sites studied. 

Figures 3(a)-(d) show the estimated annual f(v) wind speed at the four locations. In general, the 
widest f(v) is calculated at the Taroudannt station, while the highest f(v) is observed at the Fezouata and 
Ouijjane stations as shown in these figures. The k & c coefficients, the different wind speed and climatic 
conditions for each station clarify these deviations. 

The wind changes speed and direction. For optimal production from a wind farm, producers need to 
know the prevailing winds for hypothetical sites. Even though wind technology presents turbines capable of 
rotating in the direction of the wind, but this step remains important in the stage of prospecting and 
implementation of wind projects. The wind direction information at 10 m is provided by the wind rose 
diagram, as shown in Figures 4(a)-(d). The presentation of the results in a polar diagram, based on the wind 
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direction data, shows that the distributions of the prevailing wind direction at the locations studied are 
particularly diverse. For Fezouata, the East-North-East wind direction is the most frequently observed wind 
direction, while for Ouijjane, the prevailing wind directions come mainly from the North-West and West- 
South-West, then El Ouatia, North and North-North-East are the most frequently observed wind directions 
and finally for Taroudannt, and the prevailing wind directions are East-North-East and West-South-West. 
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Figure 3. Distribution of wind speed frequencies for the four sites studied with (a) the frequency distribution 
of Fezouata, (b) the frequency distribution of Ouijjane, (c) the frequency distribution of El Ouatia, and (d) the 
frequency distribution of Taroudannt 
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Figure 4. Wind direction for (a) FEZOUATA, (b) OUIJJANE, (c) EL OUATIA, and (d) TAROUDANNT 
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3.2. Wind generators 

The technical specifications of the selected generators are presented in Table 4, with commercial 
models differing in power and altitude. Figure 5 illustrates the power curve of the four selected generators 
with nominal powers classified in ascending order of 250 kW, 500 kW, 800 kW, and 2000 kW. The selected 
wind machines are reliable with a useful life of about 20—years. Capacity factors refer to the power delivered 
during their lifetime, with which the properties of their respective locations correspond. 


Table 4. Industrial characteristics of selected generators [41 ]—[43] 


Wind turbine Lagerwey 250 kW ___EWT 500 kW__ Gamesa 800 kW___ Gamesa 2 MW 
Hub height (m) 40 40 74 100 
Swept area (m°) 706.86 2123.72 2123.72 5026.55 
Rotor diameter (m) 30 52 52 80 
Cut-in wind speed Vc (m/s) 3 3 4 3 
Cut-off wind speed Vp (m/s) 25 25 25 25 
Rated wind speed V, (m/s) 13 13 13 13 
Rated power (kW) 250 500 800 2000 
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Figure 5. Power curves for selected generators 


3.3. Energy delivered from turbines 

Table 5 shows the energy supplied by the four wind turbines at each site. As shown in Table 5, the 
energy produced is related to the characteristics of the wind turbine (swept area, efficiency, altitude, electrical 
and mechanical performance, and type of manufacture), wind speed and geographic location. It is 
recommended that the capacity factor be greater than 25% for profitable investments in wind energy [44]. 
Based on this criterion, for EL OUATIA, only three models that could be suitable for grid integration (EWT 
500 kW—40 m, Gamesa 800 kW-74 m, and Gamesa 2 MW-—100 m), while for the rest of the sites, it has been 
proved that Cris less than 25%, which is not economically feasible for the production of wind energy on the 
Ouijjane, Taroudannt, and Fezouata sites. 

Table 5 also shows the annual capacity of wind turbines produced at each site. Annual production 
capacity varies by location and turbine models. As shown, Ouijjane provided the lowest annual energy 
production (almost equal to 0.2 GWh for generators with a hub height of 40 m and close to the value of 2.5 
GWh for generators with a hub height of 100 m), on the other hand, Fezouata has an energy production 
(between 0.28 GWh and 3.05 GWh) against a production of between 0.21 GWh and 2.5 GWh at Taroudannt. 
El Ouatia can generally produce between 0.49 GWh and 5.53 GWh of wind power each year, respectively, 
using Lagerwey 250 kW—40 m and Gamesa 2 MW-—100 m. Overall, the higher rate wind turbines generate, 
the higher output power can be. Exceptionally, for EWT 500 kW—40 m (with an altitude of 40 m and a 
nominal power of 500 kW) which recorded annual values higher than that of Gamesa 800 kW—74 m (with an 
altitude of 74 m and a nominal power of 800 kW). 


Table 5. Annual values of capacity factor and output energy for the sites studied 


Turbine E, (GWh/year); Cr (%) _Fezouata _Ouijjane El Ouatia _Taroudannt 
LAGERWEY 250 kW—40 m E, 0.268 0.201 0.499 0.216 
Cr 11.06 8.29 20.61 8.89 
EWT 500 kW—40 m Ey 0.881 0.762 1.587 0.733 
Cr 18.15 15.72 32.72 15.10 
Gamesa 800 kW-74 m E, 1.123 0.902 2.074 0.923 
Cr 14.47 11.62 26.71 11.89 
Gamesa 2 MW-100 m E, 3.059 2.564 5.532 2.536 
Cr 15.76 13.21 28.51 13.07 
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4. CONCLUSION 

Four hypothetical sites in Morocco were analyzed in order to estimate their wind potential. From a 
series of data recorded over a period of 24 years, a statistical analysis was made using the statistical 
distribution of Weibull. Thus, the following conclusions can be drawn: i) El Ouatia recorded the highest 
annual wind speed profile with a maximum wind speed of 6.4 m/s in July, against Fezouata which showed 
the lowest annual profile with a minimum value of 3.2 m/s in December. ii) Les paramétres de Weibull (k, c) 
varient d'un site a l'autre. Le paramètre de forme, k, enregistre des valeurs comprises entre 1,43 et 2,15, 
tandis que le paramètre d'échelle, c, enregistre des valeurs variant entre 4,49 m/s et 6,28 m/s. iii) For all 
selected generators, the highest energy production is calculated at El Ouatia, while the lowest energy 
production is at Ouijjane. The results revealed that El Ouatia is a good area to generate electricity from wind 
energy, followed by Fezouata. iv) The desert locations of Fezouata and Taroudannt have moderate wind 
energy potential, while Ouijjane is very poor in wind energy potential. A future study will be devoted to the 
socio-economic impact of the installation of the wind farm on the province of El Ouatia. 


APPENDIX 
Table 1. Summary analysis of the equations to measure the performance of wind power 
Performance measures Definition Equation 
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